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1. Introduction {#sec1}
===============

Why are some regions more species-rich than others? This question has been at the focus of many studies over the past few decades (e.g. [@bib1], [@bib3], [@bib9], [@bib15], [@bib20], [@bib54]). Besides the tropics, mountain systems have been found to be especially diverse, as reflected by the global distribution of species richness of vascular plants ([@bib58]). Furthermore, a large proportion of terrestrial centres of diversity is associated with mountain systems ([@bib16], [@bib25]). Some have argued that orogenesis could have facilitated the establishment of high levels of biodiversity by providing a diversity of ecological opportunities on a remarkably small geographic scale ([@bib12], [@bib23], [@bib30], [@bib52]). In addition, the "mountain geo-biodiversity hypothesis" by [@bib37], developed based on research in the QTP and for subtropical mountain systems, highlights the potential importance of the interaction between climatic and geological settings. This hypothesis suggests that, as a pre-requisite for diversification, surface uplift should have created full elevational zonation (from tropical to nival thermal belts), providing both refugia for the persistence of lineages during climate modifications as well as geographic barriers promoting allopatric speciation. Simultaneously to, or following, the uplift, mountains should have acted as "species pumps" (*sensu* [@bib63]) during the glacial cycles of the Pliocene--Pleistocene ([@bib61], [@bib66]). Thus, a delay between the initial uplift and the biological response (diversification) might be observed, particularly in old mountain systems such as the Qinghai--Tibet Plateau (QTP) and others, as reviewed by [@bib25].

For the QTP, the highest and largest plateau on Earth ([@bib65]) resulting from at least 50 Myr of continuous orogenesis ([@bib15], [@bib45]), several studies have uncovered shifts in net diversification rates of plant groups during the last few million years (Myr) (e.g. [@bib13], [@bib14], [@bib55]). These recent radiations have led to a few plant genera (e.g. *Gentiana*, *Saxifraga*, *Corydalis*, and *Saussurea*) being particularly well-represented in the alpine subnival belt flora of the Hengduanshan ([@bib67]). More generally, the mountains surrounding the QTP (the Tianshan, the Himalayas, and the Hengduanshan) are particularly species-rich. Together with the relatively species-poor QTP interior, they harbour over 12,000 vascular plant species ([@bib57] and references therein). [@bib15] highlighted the importance of studying widespread groups, instead of only endemic taxa, to compare the evolutionary patterns between the region of interest and other mountain systems or ranges. Furthermore, the prevalence of biological interchange should be investigated, in order to better understand whether the QTP acted as a sink or a source area for plants. In the present study, we evaluate the "mountain-geo-biodiversity hypothesis" using the evolutionary and biogeographic history of the genus *Allium* L. (Amaryllidaceae), a taxon occurring in several mountain systems around the world.

*Allium* L. is one of the largest currently recognised monocotyledon genera, comprising at least 660 temperate and subtropical species ([@bib8], [@bib19]; [@bib62]; [@bib29], [@bib56]), of which at least 111 occur within or surrounding the QTP. The genus is distributed across the Northern Hemisphere with a few exceptions (e.g. eastern and southern Africa), mainly in regions that are seasonally dry, such as the Irano-Turanian region ([@bib8], [@bib19], [@bib56]). Its main centre of diversity is located between Southwest and Central Asia and the Mediterranean region, which is also supposed to be the major centre of diversification of *Allium*, besides a second one existing in North America ([@bib8]). The genus is the only member of the monotypic tribe Allieae (Borkh.) Dumort., within the subfamily Allioideae Engl. (Amaryllidaceae J. St.-Hil.) ([@bib6]). *Allium* is characterised by bulbs enclosed in membranous (sometimes fibrous) tunics, free or almost free tepals, and often a subgynobasic style ([@bib17]). Most species produce remarkable amounts of cysteine sulphoxides, causing the specific smell and taste of onion and garlic ([@bib17]). The taxonomy of *Allium* was revised in 2006 and 2010, based on morphological characters and *rbcL* sequence data ([@bib17], [@bib29]). Nonetheless, a proliferation of synonyms and disagreement as to the subdivision of the genus still persists ([@bib8], [@bib22]; [@bib68]; [@bib49]). For example, although there is a phylogenetic clustering of all five groups, the individual delineations of the subgenera *Allium*, *Cepa* (Mill.) Radić, *Polyprason* Radić, *Reticulatobulbosa* (Kamelin) N. Friesen, and *Rhizirideum* (G. Don ex Koch) Wendelbo are lacking phylogenetic support, or are shown to be polyphyletic ([@bib29]). On species level, the World Checklist of *Allium* ([@bib19]) provides the most recent taxonomic account of the genus. [@bib17] detected three distinct phylogenetic lineages in *Allium*, which were named: "First, Second, and Third Evolutionary Line" (EL1, EL2, EL3). It was proposed in 2011 to split the genus into three separate genera based upon these phylogenetic lineages ([@bib2]). The proposed names are *Nectaroscordum* Lindl. for EL1, *Caloscordum* Herb. for EL2, and *Allium* for EL3, but this new nomenclature has not yet been broadly adopted.

Here we present the most comprehensive molecular data set on *Allium* to date, including species consensus sequences that underwent multiple stages of quality control. Because the application of the correct taxonomy based upon a solid phylogenetic hypothesis is crucial to this study, we first ask (1) Are the current circumscriptions of the evolutionary lineages and subgenera supported by our phylogeny? Subsequently, we use the reconstructed phylogeny, combined with molecular dating, biogeographic analyses, and diversification rates estimation, to answer two further questions: (2) Did *Allium* species in the areas adjacent to the QTP evolve *in situ*, or did they disperse there, and if so, when and from where? and (3) Did shifts of diversification rates occur simultaneously in the QTP and other old mountains, as expected following the "mountain-geo-biodiversity hypothesis"?

2. Materials and methods {#sec2}
========================

2.1. Species coverage and sequence alignments {#sec2.1}
---------------------------------------------

We downloaded all 4842 *Allium* sequences available from GenBank (accessed in May 2015; [@bib4]), as well as 23 outgroup sequences from the most closely related genera within Alloideae (*Leucocoryne* Lindl., *Nothoscordum* Kunth, *Tristagma* Poepp., and *Tulbaghia* L.) and one more distantly related species, *Dichelostema multiflorum* (Benth.) A. Heller ([@bib7]). Sequences belonging to different molecular regions were aligned individually in Geneious 6.1.6 ([@bib27]). To take into account possible multiple accessions per species, we proceeded as follows: In a first step, all sequences from each marker with identical organism name (operational taxonomic unit: OTU) were grouped and automatically aligned with MAFFT ver. 7.221 ([@bib26]). In case of markers for which only partial sequences were provided (e.g. ITS, *mat*K), we preferably used complete sequences as a guide to align the smaller fragments. If no complete sequence was available, we concatenated the sequences of the individual parts. The concatenated complete sequences were then aligned using the "auto" option. Fragments were added to these single species alignments with the option "\--addfragments". Some sequences on GenBank were provided as reverse (R), reverse complement (RC) or as complement (C), meaning each marker could potentially be provided as one of four options (incl. the usual forward option F). We always used the "\--adjustdirection" option in MAFFT, which tests for each sequence if the reverse complement fits the alignment better, thereby accounting for F and RC options. In addition, for all sequences with a distance larger than 0.1 to the other sequences (within species), we tested a reverse alignment. As this step again uses the "\--adjustdirection" option, all four possible options (F, R, RC, C) were covered (F and RC from within MAFFT, and R and C through this additional step). In case this test failed and pairwise distances larger than 0.1 could not be resolved (e.g. reverse complementary fragments or mis-determinations), we excluded the data for this taxon and marker to account for mislabelled or otherwise erroneous data. For all remaining taxa (i.e. single marker alignments with within species distances below 0.1), a consensus sequence was generated for each marker per species, which was then used for the following steps.

If for a given marker at least 40 species were present, all consensus sequences of this marker were aligned in the same fashion as explained above. After a visual check of the individual alignments, they were concatenated and plastid and nuclear partitions were defined. Sequences with lengths shorter than 10 percent of the longest unaligned sequence were removed from the multi-species alignment (MSA) of the markers ITS, *atp*B--*rbc*L, *rbc*L, *mat*K, *psb*A--*trn*H, *rps*16, *trn*L--*trn*F, and *trn*L--*rpl*32, of which the regions ITS, *trn*L--*trn*F, and *trn*L--*rpl*32 were represented by more than 50% of the taxa included. Our final MSA comprised 352 out of 1082 accepted *Allium* species ([@bib19]), representing all accepted major lineages and subgenera.

2.2. Phylogenetic analyses and molecular dating {#sec2.2}
-----------------------------------------------

All phylogenetic analyses estimated parameters independently for the nuclear and plastid partitions. To test the monophyly of the ingroup for the subsequent molecular dating analysis and to identify potential problematic long branches, we conducted Maximum Likelihood (ML) and Bayesian Inference (BI) analyses. We produced a best scoring maximum likelihood tree (from 70 ML searches), based on the concatenated data and the partition table using RAxML v. 8.2.8 ([@bib53]) under the GTRGAMMA substitution model. Node support was calculated by a Bootstrap analysis with 350 iterations determined by the "bootstopping" algorithm ([@bib39]) during the analysis. We performed Bayesian phylogenetic inference using a Metropolis-coupled Markov Chain Monte Carlo (MC^3^) approach as implemented in MrBayes v. 3.2.5 ([@bib47]). Four independent analyses were run for 50 million generations with four incrementally heated chains, sampling from the posterior probability distribution every 5000th generation. In addition, we used the model-jumping approach to sample all possible 203 substitution models according to their posterior probability ([@bib47]) in combination with a gamma model of rate heterogeneity. After confirming that the four independent runs converged on the same solution space judged by effective sample size (ESS) values well above 200 and homogeneous "white noise"-like traces of both the individual runs and the combined log, a majority-rule consensus tree was constructed from the combined runs (burn-in: 36%, as indicated by ESS values). Furthermore, we compared the reconstructed phylogeny of a simple concatenated non-partitioned matrix with the one of a partitioned (plastid/nuclear) matrix to visualize potential alternative topologies in *Allium* ([Appendix 1](#appsec1){ref-type="sec"}). Major topological incongruencies only appeared in the Third Evolutionary Line, and did not affect our analyses. A likelihood-ratio test rejected the null hypothesis of clock-like evolution of the analysed sequences (*p* \< 0.001).

Divergence times were therefore estimated under an uncorrelated lognormal relaxed clock, using BEAST v.1.8.2 ([@bib11]), based on a data set from which we removed the markers with the highest proportions of missing data (*atp*B--*rbc*L, *rbc*L, *mat*K, *psb*A--*trn*H, *rps*16), as these showed to impede MCMC convergence in preliminary analyses. In the absence of known fossils of *Allium* or closely related genera ([@bib50]), we used two secondary calibration approaches on *Allium*\'s root node (i.e. crown node of Allioideae) from a recently published chronogram of Amaryllidaceae ([@bib7]), defining (A) a rather narrow exponential prior distribution around their suggested age of 37 Myr (spanning from 37.0 at the 2.5% quantile to 37.4 at the 97.5% quantile with setting the offset to 37.0 and the mean to 0.1) and (B) a normal prior distribution spanning the age range [@bib7] found (27.8--44.5 Myr), with a mean of 37 Myr and a standard deviation of 4.5 Myr to tailor the distribution\'s 2.5% and 97.5% quantiles to 28.2 Myr and 45.8 Myr, respectively. Both analyses were run four times, sampling every 10,000th of the 50 million MCMC generations in (A) and 100 million MCMC generations in (B). ESS values well above 200 for the combined log after removing varying proportions (10--25%) of burn-in from individual runs confirmed that convergence was reached. Therefore, we combined the tree files of the individual runs each in (A) and (B) and afterwards produced a maximum clade credibility (MCC) tree with common ancestor heights as described by [@bib21] using LogCombiner and TreeAnnotator (both v. 1.8.3) ([@bib5]). The alignments and consensus/MCC trees are available from the corresponding author upon request.

2.3. Diversification rates {#sec2.3}
--------------------------

We used BAMM ([@bib40]), including the R package BAMMtools ([@bib41]), to assess the diversification rate heterogeneity within *Allium*. We reduced the MCC tree to only one OTU per species (removing all subspecies and varieties), and specified lineage-specific sampling fractions to account for incomplete taxon sampling. We ran four MCMC chains (15 million generations, every 5000th generation sampled, 10% burn-in) to identify distinct configurations of rate shifts. However, some limitations of BAMM have recently been identified ([@bib36]), including strong prior sensitivity and potentially unreliable rate estimates (but see [@bib42]). Thus, we additionally used BayesRate (v.1.6.5, [@bib51]) to evaluate the different diversification scenarios. Importantly, BayesRate employs a likelihood function ([@bib60]) different from the one implemented in BAMM ([@bib59]), and thus provides an independent evaluation of the diversification model (number of rate shifts) and the associated rates. We compared the most likely scenario identified by BAMM with both simpler and more complex models of diversification (i.e. fewer or more rate shifts) via thermodynamic integration and estimated model parameters for the best-fit model, again accounting for incomplete taxon sampling.

2.4. Biogeographic analysis {#sec2.4}
---------------------------

To estimate ancestral geographic distributions we performed biogeographic analyses using the R ([@bib64]) package BioGeoBEARS ([@bib34]) under the DEC model ([@bib43], [@bib44]) and a likelihood version of the DIVA ([@bib46]) model with or without the inclusion of a jump dispersal (i.e. founder event) parameter ([@bib34]). The maximum combination of areas parameter was set to 7. We did not set time strata, manual dispersal multipliers, and area restrictions, to avoid sharp temporal borders on a secondarily calibrated reconstruction. The best model for the data set among those four was chosen based on AIC values. Eleven geographic areas were defined with a more fine-scale delineation for the QTP and the regions neighbouring it. These were delineated using their ecological attributes (climate, topography, etc.), while other regions (continental scale) were coded according to their interconnectivity. In detail, the continental regions were coded as follows: A: NA: North America, B: EUR: Europe *s*.*l*. (eastern borders being the Caucasus mountains and Ural mountains), and C: AFR: Africa. The Asian continent was delimited as follows: D: WIT: Western Irano-Turanian region, E: AA: Arctic Asia, (East of the Ural and North of the southern Siberian mountain chains), F: QTP: QTP *s*.*l*. (Qinghai--Tibet Plateau, Tian Shan, Hengduanshan, and the Himalayas). G: NEA: Northeast-Asian steppes (surrounded by Area AA in the North, QTP in the West; the border follows the Han River and further the Yangtze River in the South), H: JAP: Japan and Sakhalin. The rest of the Asian land (surrounded by region WIT in the West, QTP in the North, the Pacific Ocean in the East, and the Wallace Line in the South) is separated by both, seasonality and elevation, resulting in I: SUBA: Subtropical Asia and J: TROPA: Tropical Asia ([Appendix 2](#appsec2){ref-type="sec"}).

Extant species\' distributions were based on more than 2.7 million individual occurrence points from the literature and herbarium vouchers. In taxa for which this procedure did not provide data, we added more coarse distribution information from the World Checklist of selected Plant Families ([@bib19]). In order to match the taxonomic units in the distribution data to those in the chronogram, we used the synonymy list from [@bib19] to merge entries in both, the occurrence data and in the chronogram. Subsequently, the gathered distributional data was transformed to presence/absence data of the eleven defined geographic areas. To perform the biogeographic analyses we removed the species for which we could not obtain any distribution data, as well as subspecific taxa from the tree. Furthermore, *Allium* comprises a notable number of cultivated species ([@bib31]). As the distribution of those species has been largely influenced by humans, we preferred coding their native areas of distribution.

3. Results {#sec3}
==========

3.1. Phylogenetic analysis, molecular dating {#sec3.1}
--------------------------------------------

We compiled a data set of 352 OTUs (including 18 subspecies, 18 varieties, one forma, and four undetermined specimens) with 12306 aligned base pairs from eight markers: ITS (1037 bp), *atp*B--*rbc*L (1008 bp), *mat*K (1595 bp), *psb*A--*trn*H (882 bp), *rbc*L (3222 bp), *rps*16 (1327 bp), *trn*L--*trn*F (1214 bp), *trn*L--*rpl*32 (2021 bp). Our phylogenetic reconstructions are overall similar to the reconstructions by [@bib17] using ITS, and [@bib29] with ITS and *rps*16 ([Fig. 1](#fig1){ref-type="fig"}). Partition-dependent topological variations are present, yet none affects the arrangement of major lineages. All three previously recognized evolutionary lines are present and supported in our phylogeny ([Fig. 1](#fig1){ref-type="fig"}; posterior probabilities: 0.97, 1.00, and 1.00 respectively, bootstrap values: 75, 100, and 100), and our reconstruction of EL3 ([@bib17]) is largely similar to previous topologies. Furthermore, we observed two taxa (*Allium condensatum* Turcz. and *Allium kingdonii* Stearn), which were placed differently in our phylogeny, when compared to [@bib17]. Yet, consistent with the results of [@bib24], *A. kingdonii* is nested within subgenus *Amerallium* Traub., as sister to the clade of American *Amerallium*. Our phylogenies support the previously described subgenera *Nectaroscordum* (Lindl.) Asch. & Graebn., *Microscordum* (Maxim.) N. Friesen, *Amerallium*, *Caloscordum* (Herb.) R. M. Fritsch, *Anguinum* (G. Don ex Koch) N. Friesen, *Poryphyroprason* (Ekberg) R. M. Fritsch, *Vvedemskya* (Kamelin) R. M. Fritsch, *Melanocrommyum* (Webb. & Berth.) Rouy., *Butomissa* (Salisb.) N. Friesen, *Cyathophora* (R. M. Fritsch) R. M. Fritsch, and *Rhizirideum* (G. Don ex Koch) Wendelsbo *s.s*. The subgenera *Allium*, *Reticulatobulbosa*, *Polyprason*, and *Cepa*, and the above-mentioned *A. condensatum* (formerly *Rhizirideum*) are nested within each other ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1The maximum clade credibility (MCC) tree of *Allium* as reconstructed by BEAST. A. Monophyletic subgenera are collapsed. The subgenera *Allium*, *Cepa*, *Reticulatobulbosa*, and *Polyprason* do not form monophyletic non-exclusive groups, hence this clade is displayed uncollapsed. Support values above pp = 0.96 are shown by thicker lines. Evolutionary lines are represented by symbols (1st = ♦, 2nd = ●, 3rd = ❖). The classification (Evolutionary Lines) refers to [@bib17]. B. Full overview of the tree, highlighting the First (light grey), the Second (black) and the Third (dark grey) Evolutionary Lines.Fig. 1

The crown node of *Allium* was estimated to be at least 12.8 (±1.6) Myr old. The crown of EL1 was reconstructed to be at least 10.2 (±1.4) Myr old. EL2 was estimated to have evolved between 10.0 (±1.4) and 6.6 (±1.4) Ma, and EL3 between 10.0 (±1.4) and 8.7 (±1.2) Ma ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Diversification dynamics in *Allium*. The tree shows the best-fit model of diversification by BayesRate (A), identical colours indicate that speciation and extinction rates were linked between clades. Marginal posterior densities of the speciation, extinction, and net diversification rates (B) for the clades defined in (A). I: a part of subgenus *Amerallium* in EL1♦. II: the subgenera *Allium*, *Cepa*, *Polyprason*, and *Reticulatobulbosa* in EL3❖. III: major parts of subgenus *Melanocrommyum* in EL2●.Fig. 2

3.2. Diversification {#sec3.2}
--------------------

BAMM identified three shifts of net diversification rates: the North American part of subgenus *Amerallium* (I), a clade comprising the Eurasian subgenera *Allium*, *Cepa*, *Polyprason*, and *Reticulatobulbosa* (II), and the QTP-centred section of the Central Asian subgenus *Melanocrommyum* (III) ([Fig. 2](#fig2){ref-type="fig"}). The five most credible scenarios (15.8%, 8.8%, 5.9%, 4.7%, and 4.7% of samples, respectively) all reconstructed rate shifts in the same groups (I, II, III, cf. [Fig. 2](#fig2){ref-type="fig"}A), yet in groups II and III, the location of the rate shift is not constant among the scenarios, while the rate shift related to group I occurs at the same branch among all five most credible scenarios. The sixth most credible scenario did not involve any significant rate shift (4.1% of samples), followed by two scenarios with three rate shifts similar in position to the five most credible scenarios (2.3% and 2.0% of samples, respectively). All other scenarios received probabilities below 2.0%. The data can be obtained from the corresponding author upon request.

The analyses with BayesRate confirmed the presence of three diversification rate shifts within *Allium* ([Table 1](#tbl1){ref-type="table"}). The highest marginal likelihood was found for a model with three different rates assigned to clades I, II + III, and the remaining lineages, respectively ([Fig. 2](#fig2){ref-type="fig"}). The posterior distributions of the diversification rates ([Fig. 2](#fig2){ref-type="fig"}B) show an almost two-fold increase in the diversification rate (*r*) between the QTP-centred section of subgenus *Melanocrommyum* (III; *r* = 1.371, 95% HPD \[0.932; 1.897\]) and clades I and II (*r* = 0.771, 95% HPD \[0.605; 0.942\]), while the posterior rate estimate for the remaining clades is substantially lower (*r* = 0.365, 95% HPD \[0.220; 0.528\]). These differences are mainly due to variation in speciation rates across *Allium*, while the extinction rate shows a much less pronounced distinction between clades ([Fig. 2](#fig2){ref-type="fig"}B).Table 1Diversification scenarios tested in BayesRate. Clades as shown in [Fig. 1](#fig1){ref-type="fig"}A. For each model, the marginal likelihood scores and the relative Bayes Factor are presented.Table 1ModellogMLBFI\|(II + III)\|Rest−438.6810(I + II + III)\|Rest−440.2643.166I\|(II + III + Rest)−443.87510.388All linked−448.74820.134All unlinked−452.7828.198

3.3. Biogeographic analysis {#sec3.3}
---------------------------

Model evaluation identified the models without founder events as most suitable models (weighted ratio: 2.73), and most likely with the DEC model. However, all models achieved overall similar likelihoods and favoured consistent scenarios. The geographic origin of *Allium* could not be reconstructed with high confidence (eight areas, each with less than 50% probability, [Appendix 2](#appsec2){ref-type="sec"}). EL1 was reconstructed to be of European (EUR) origin (less than 50% probability). Within subgenus *Amerallium*, the North American taxa were reconstructed to have originated in North America (NA, [Appendix 2](#appsec2){ref-type="sec"}), while the Asian, African, and European taxa were estimated to be of European (EUR) origin (\<50% to \>98%, [Appendix 2](#appsec2){ref-type="sec"}). The ancestral area of EL2 could not be resolved (eight areas, each with less than 50% probability, [Appendix 2](#appsec2){ref-type="sec"}). Within this lineage, a similar pattern was reconstructed for the subgenera *Caloscordum* (four areas of overall similar probability), and *Anguinum* (eight areas of potential origin). The ancestral area of the subgenera *Melanocrommyum*, *Poryphyroprason*, and *Vvedemskya* were reconstructed to be of Arctic Asian (AA) origin, and within *Melanocrommyum*, major parts of its diversification were reconstructed to have occurred in the Western Irano-Turanian (WIT) and the QTP region ([Appendix 2](#appsec2){ref-type="sec"}). EL3, and a major part of its internal lineages, was reconstructed to be of Northeast Asian (NEA) origin ([Appendix 2](#appsec2){ref-type="sec"}). In contrast to EL2, the ancestral area of extant taxa distributed in the QTP was not reconstructed as being the QTP itself.

4. Discussion {#sec4}
=============

We performed phylogenetic, biogeographic, and diversification rate analyses using the widespread genus *Allium* as a model group to test the "mountain geo-biodiversity hypothesis". By gathering a large data set of available sequence data, combined with two data sets on distributional data, we could reveal new information related to the taxonomy within the genus by providing phylogenetic support to the monophyly of several subgenera ([Fig. 1](#fig1){ref-type="fig"}). Furthermore, we could identify a dual biogeographic pattern for *Allium* species occurring within the QTP region: while multiple taxa of one lineage seem to have immigrated from other areas (e.g. the Arctic and Northeast Asia) into the QTP and adjacent regions (e.g. species of EL3), the QTP acted more as a source area in a clade of subgenus *Melanocrommyum* ([Appendix 2](#appsec2){ref-type="sec"}). Finally, although we recognize three diversification rate shifts occurring either in Asia or North America, the conditions subtending the "mountain-geo-biodiversity hypothesis" were only partially verified.

4.1. Taxonomy and the consensus approach {#sec4.1}
----------------------------------------

To arrive at solid biogeographical interpretations, one should ideally rely on a well-supported phylogenetic reconstruction, including a reasonable sampling across taxonomic units (e.g. subgenera, sections) and geographic areas. In our data set, all major lineages of *Allium* were included across the entire distribution range of the genus. Nevertheless, some clades and/or regions were better represented than others. For example, species coverage for areas which had already been targeted by phylogenetic studies, such as Korea and northeastern China ([@bib8]), was higher than for regions and subgenera not yet revised in detail (e.g., the Americas). In general, our results are in line with the last revision of *Allium* (including 15 subgenera, organised into three evolutionary lines; [@bib17]), and with more recent studies targeting some of these subgenera, such as *Anguinum* and *Cyathophora* ([@bib8], [@bib22]; [@bib68]). Nevertheless, several subgenera (*Cepa*, *Reticulatobulbosa*, *Polyprason*, and *Allium*) did not receive sufficient phylogenetic support in our analyses, or were placed in a polytomy. In addition, other subgenera, such as *Microscordum*, were only represented by one species, precluding any conclusions regarding their monophyly. Further phylogenetic studies on *Allium* should therefore primarily aim at resolving these phylogenetic uncertainties. Nevertheless, our automated approach was successful in recovering all clades previously described as monophyletic ([Fig. 1](#fig1){ref-type="fig"}). This result supports the argument of [@bib2] for a nomenclatural revision, encouraging the split of *Allium* into three genera, namely *Nectaroscordum*, *Caloscordum*, and *Allium*. In the absence of major discrepancies between our phylogenies and [@bib17] recent classification of *Allium*, we consider our data set suitable to reconstruct the evolutionary history of *Allium*.

4.2. Spatio-temporal dynamics of *Allium* evolution {#sec4.2}
---------------------------------------------------

*Allium* probably originated between 11.2 and 14.4 Ma ([Appendix 2](#appsec2){ref-type="sec"}) in a yet undetermined area, potentially in a combination of several areas. Because there is no satisfactory paleobotanical data for *Allium* and closely related taxa, as is often the case for temperate herbaceous plants (mostly) pollinated by insects, we were unable to perform a thorough quality check on the temporal estimates. Yet, our time estimates are in line with other molecular dating approaches targeting larger clades including *Allium* and other genera within Amaryllidaceae ([@bib10], [@bib32]). However, our estimates do not support the hypotheses of [@bib29], who postulated that the First Evolutionary Line (EL1) originated around the Cretaceous--Paleogene boundary, to fit with possible vicariance events. Moreover, despite the lack of certainty regarding the geographical origin of the genus, we could recover the likely origins of major lineages and subgenera within the three evolutionary lines within *Allium* ([Appendix 2](#appsec2){ref-type="sec"}).

It is likely that Europe was the centre of origin of the common ancestor of EL1, during the Late Miocene. Subgenus *Amerallium* dispersed from Europe first to North America (where it later diversified), and later on, from Europe to the Western Irano-Turanian region (potentially multiple times). However, our phylogenetic placement of the QTP-related *A*. *kingdonii* (different when compared to previous phylogenetic work, e.g. [@bib17]) obscures the precise route for the dispersal towards North America. Hence, our results do not contradict the spatial findings of [@bib29], who proposed dispersal from eastern Asia to western North America. Similarly, subgenus *Microscordum* dispersed from Europe to the QTP, eastern and Tropical Asia. In contrast, ancestral area reconstructions lacked support for the origin and dispersal routes of EL2. Subgenera *Melanocrommyum*, *Poryphyroprason*, and *Vvedemskya* probably originated in an area including Europe and/or northern Asia (AA) around the Miocene/Pliocene boundary. Hence, like in EL1, Europe and/or the Euro-Siberian region seems to constitute the centre of origin, rather than solely eastern Asia, as claimed by [@bib29]. During the Early Pliocene, subgenus *Melanocrommyum* dispersed to the Western Irano-Turanian region, and later on back to northern Asia, possibly via the QTP region, which was associated with an increase in the rate of speciation (see below). Clearly, both the Irano-Turanian and the QTP region acted successively as a sink and a source area for dispersal. In fact, the former region likely was a source area for many drought-tolerant taxa ([@bib33]). These findings are, to a large extent, in agreement with the hypotheses by [@bib29], who also recognized a relatively recent centre of diversification in Central Asia for *Melanocrommyum*. Finally, we could locate the origin of EL3 in northeastern Asia (area NEA, including, among others, Mongolia), by the end of the Miocene. From there, Eurasian subgenus *Butomissa* and its sister clade (comprising *Allium*, *Cepa*, *Cyathophora*, *Reticulatobulbosa*, and *Rhizirideum*) dispersed mostly towards northern Asia (area AA) and Europe, where they diversified and are still abundant today. From northeastern Asia, these subgenera also repeatedly colonised more southern areas as well as the QTP. Overall, we have uncovered a highly complex biogeographic history, with multiple dispersal events between Eurasian areas. In fact, only the colonisation of North America and South or Southeast Asia appears to have been unidirectional.

4.3. Shifts in diversification rates and the "mountain-geo-biodiversity hypothesis" {#sec4.3}
-----------------------------------------------------------------------------------

As postulated by the "mountain-geo-biodiversity hypothesis" ([@bib37]), diversification in the region of the QTP may have required several conditions to be initiated, including the development of a full elevational zonation and climate oscillations promoting a "species pump" effect. In this region, the start of the uplift largely predated climate oscillations (by several Myr), suggesting that a delay of biological (diversification) processes might have occurred with respect to the uplift\'s start. Such a delay was indeed observed for some plant genera (*Saxifraga*, [@bib13], and [@bib18]; *Gentiana*, [@bib14]) that were shown to have been present in the QTP for an extended period of time before the onset of their radiation. In *Allium*, the diversification of subgenus *Melanocrommyum* is generally consistent with the "mountain-geo-biodiversity hypothesis". The QTP-centred clade shows the highest rate of diversification, with the start of the radiation (crown node age estimate 2.34 Ma, 95% HPD \[3.04:1.56\]) coinciding with the onset of the Pleistocene climatic fluctuations. However, it should be noted that our biogeographic reconstructions suggest that the clade was probably not present in the QTP before that time. Thus, the higher rate of diversification could be either the result of a "species pump" effect following climatic oscillations, or be due to an ecological radiation following colonisation from the Western Irano-Turanian region. In addition, it should be noted that the exact position of this rate shift was not stable among the most credible scenarios. As a result, we cannot ascertain whether the increased speciation rate is associated with only the QTP and Arctic Asia, or extends to the Western Irano-Turanian region ([Appendix 2](#appsec2){ref-type="sec"}). The other two diversification rate shifts (in the North American clade of subgenus *Amerallium* and the clade encompassing the subgenera *Allium*, *Cepa*, *Cyathophora*, *Reticulatobulbosa*, and *Rhizirideum* in northeastern Asia) predate the Pleistocene climatic oscillations by several Myr, both starting in the Late Miocene. Therefore, *Allium* does not fully support the "mountain-geo-biodiversity hypothesis". Rather, the species richness of *Allium* in the Northern Hemisphere (including its mountain systems) might have been triggered by global cooling facilitating a complex pattern of biological interchange between Eurasian regions, potentially aiding allopatric speciation and ultimately diversification.

The "mountain-geo-biodiversity hypothesis" also postulates that mountains should buffer against extinction during climate modifications by providing refugia and suitable habitats within a short distance, as already suggested by [@bib23]. However, we do not find much evidence for this in our analysis. Extinction rates were found to be relatively low across *Allium*, regardless of whether a subclade occurred predominantly in mountain systems (e.g. subgenus *Melanocrommyum* in the QTP and the Irano-Turanian region), in the Euro-Siberian lowlands (subgenera *Allium*, *Cepa*, *Cyathophora*, *Reticulatobulbosa*, and *Rhizirideum*), or across North America (e.g. subgenus *Amerallium*). Consequently, increased speciation rates account for most of the higher net diversification rates. Similar findings were reported in Ericaceae by [@bib48]. However, in contrast, bellflowers ([@bib28]), and the Paleo-Patagonian flora ([@bib38]) indicate potentially higher extinction rates in lowland areas. Hence, we need to gather further insights into other widespread taxa to test whether extinction rates in the region of the QTP were lower in comparison to those in the Eurasian lowland, and attest the role of the QTP region as buffer against extinction.

5. Conclusions {#sec5}
==============

Our results show how the interaction among plant taxa, geology, and climate contributes to patterns of plant diversity in the region of the QTP (including the Hengduan Mountains) and beyond. Some of the results presented here indeed provide support for the "mountain-geo-biodiversity hypothesis". However, other processes such as ecological radiations, where species diverge as populations adapt to novel habitats in topographically complex regions, cannot be ruled out. In fact, we suggest that most likely both allopatric speciation (via the "species pump" effect) and ecological divergence act together in driving plant diversification in mountain regions. Both processes might lead to different ecological patterns, with speciation driven by climatic oscillations generally resulting in little ecological differences, whereas ecological radiations should show a high degree of ecological niche divergence between closely related species. Hence, further studies, especially concerning the ecological niche, are needed to evaluate the relative importance of climate-driven and ecological diversification processes.

 {#appsec1}

Comparison of phylogenies (uncalibrated ultrametric trees) of *Allium* (black) and outgroups (grey) on the base of a concatenated non-partitioned data set (left) and a partitioned data set (right, nuclear/plastid). The evolutionary lines one to three (EL 1--3) are labelled by symbols (♦: First, ●: Second, ❖: Third Evolutionary Line).Image 1

 {#appsec2}

Ancestral area reconstructions in *Allium*, divided into three parts (Fig. 1: Evolutionary Line (EL) 1, Fig. 2: EL2, and Fig. 3: EL3). Node bars illustrate the percentage of an area being reconstructed as ancestral area, represented by colours from the map. The column between the tree and the species names displays the extant (non-introduced) range. Arrows on the map show reconstructed dispersal routes (lines) and potential dispersal routes (dotted lines). Subgenera are only given for EL1 and EL2, as the majority of subgenera described in EL3 are not monophyletic.Image 2Image 3Image 4
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